Abstract. The gene from Xanthomonas campestris pv. phaseoti for glutamate 1-semialdehyde (GSA) aminomutase, which is involved in the C5 pathway for synthesis of &aminolevulinic acid (ALA), was cloned onto a multicopy plasmid, pUC18, by the complementation of an ALA-deficient mutant (hemL) of Eseheriehia coli. Subcloning of deletion fragments from the initial 3.5-kb chromosomal fragment allowed the isolation of a 1.7-kb fragment which could complement the hemL mutation. Nucleotide sequence analysis of the 1.7-kb DNA fragment revealed an open reading frame (ORF) that is located downstream from a potential promoter sequence and a ribosome-binding site. The ORF encodes a polypeptide of 429 amino acid residues, and the deduced molecular mass of this polypeptide is 45,043 Da. The amino acid sequence shows a high degree of homology to the HemL proteins from other organisms, and a putative binding site for pyridoxal 5'-phosphate is conserved.
Introduction
&Aminolevulinic acid (ALA) is the first intermediate in the synthesis of haems, chlorophylls, and billins. ALA is synthesized by either of two major biosynthetic pathways, namely the C5 and C4 pathways (O'Neil and Soll 1990) . In animal cells, yeast, fungi, and in certain bacteria including non-sulphur purple bacteria, Rhodobacter, and Rhizobium, the synthesis of ALA is catalysed by ALA synthase (EC 2.3.1.37) (Granick and Beale 1978) . The C5 pathway has been found in plants (Beale and Castelfranco 1974) , and in some bacteria, including Escherichia coli, Salmonella typhimurium, cyanobacteria, and anaerobic archaebacteria (Avissar et al. 1989) . In this pathway, ALA is synthesized in three steps: ligation of tRNA to glutamate, reduction of glutamyl-tRNA to ALA-requiring mutants of E. coli and S. typhimurium have been identified on the basis of separate locations of two genes, hemA and hemL, that encode the structural component of glutamyl tRNA reductase (EC 6.1.1.17) (Drolet et al. 1989; Li et al. 1989; Verkamp and Chelm 1989) and that of GSA aminomutase (EC 5.4.3.8) (Grimm et al. 1991) , respectively.
Recently, we isolated two classes of ALA-defective mutants in E. eoli (Ikemi et ai. 1992) . One class of mutants is identical to hemL, and another class of mutants is deficient in a new gene, hemM, that is involved in the C5 pathway of ALA synthesis. Characterizations of these mutants and their complemented genes raised the question about the role of hemA in the synthesis of ALA that hemA is not involved in the C5 pathway but controls a second, minor pathway for synthesis of ALA.
Xanthomonas species are Gram-negative bacteria of agricultural and industrial importance due to their plant pathogenecity and their production of the useful polysaccharide, xanthan gum (Williams 1980) . The mechanisms by which the bacteria cause plant disease and the regulation of biosynthetic pathway of xanthan gum are poorly understood at the genetic level. We have developed an efficient transformation and conjugation systems in Xanthomonas species (Murooka et al. 1987) . To investigate the ALA biosynthesis of phytopathogenic bacteria, we isolated the gene from X. campestris pv. phaseoli that complemented an ALA-defective mutation in E. eoli. The cloning and nucleotide sequence show that the phytopathogenic bacterium, X. campestris pv. phaseoli, has a gene for GSA aminomutase. Moreover, the deduced amino acid sequence is highly homologous to those of HemL proteins from other organisms, tt appears, therefore, that Xanthomonas synthesizes ALA via the C5 pathway.
Materials and methods
Bacterial strains and growth conditions. The strain of X, campestris pv. phaseo6 used in this work was isolated in Thailand as a phytopathogenic bacterium to Phaseolus and stocked as the Hiroshima University Type Culture strain no. HUT8925. The bacterium was cultured in 2 x Y T [1.6% Bactotryptone, 1.0% Bacto yeast extract (Difco), 0.5% NaC1] at 28 ° C. E. coli strains I14 and I45 were AIaB-(hemM14) and AlaA-(hemL45), respectively (Ikemi et al. 1992) . The AlaA-mutant strain I45 has been proved to deficient in hemL that is located at 27 rain on the E. coli chromosome and complemented with the hemL gene. E. coli JM109 was used for propagation of M13mp18 and M13mp19 phage vectors. E. eoli cells were grown in LB medium [1% Bactotryptone, 0.5 % Bacto yeast extract (Difeo), 0.5% NaC1] or 2 × YT at 37 ° C. The culture of Ala-strains of E. coli were supplemented with ALA at 50 ~tg/ml.
Enzymes and chemicals. Restriction endonuclease, T4 DNA ligase, alkaline phosphatase, and Ba131 nuclease were purchased either from Takara Shuzo (Kyoto, Japan) or Toyobo (Osaka, Japan). The other compounds used were standard commercial preparations.
Cloning of the gene for GSA aminomutase. Cloning experiments were performed by the methods given in the manual of Maniatis et al. (1989) using plasmid vector pUC18 (Yanisch-Perron et al. 1985) . Chromosomal DNA from X. campestris pv. phaseoli, prepared by the method of Marmur (1961) , was partially digested with Sau3AI. DNA fragments from 4 to 10 kb in length were isolated from an agarose gel, ligated to BamHI-digested pUC18 with T4 DNA ligase, after treatment with alkaline phosphatase, and used to transform E. coli strain I45 (HemL-). Transformants were selected on LB agar plates that contained ampicillin (Ap) (100 pg/ml) but no ALA.
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DNA sequencing. Sequencing reactions were performed by the M13 dideoxy-chain termination method (Sanger et al. 1977) with an Autoread T7 Sequencing kit (Pharmacia LKB Biotechnology, Uppsala, Sweden). An automated laser fluorescence sequencing apparatus (Pharmacia LKB Biotechnology) was used to determine the DNA sequences. The GenBank-EMBL-DDBJ accession number for the DNA sequence in Fig. 2 is D12642 .
Computer analysis. The nucleotide and amino acid sequences were analysed with GENETYX programmes (SDC Software Development, Tokyo, Japan).
Results and discussion
Cloning of the gene from X. campestris pv. phaseoli that complements the hemL mutation of E. coli Chromosomal DNA from X. campestris pv. phaseoli was partially digested with Sau3AI. The fragments were ligated with BamHI-digested pUC18, and the ligation mixture was used to transform the E. coli AlaA-(hemL) mutant I45. After a 3-day incubation, four Ala + clones grew up on the selection plate prepared with Ap but without ALA. The plasmid prepared from these transformants were confirmed to have the ability to retransform the strain I45 to Ala +, and the plasmids were designated pXP001, pXP002, pXP003, and pXP004. Two of the four clones, E. coli I45 carrying pXP003 and pXP004, grew in 1 day by contrast to the other clones, which required 2 to 3 days to form colonies on the selective plate.
Deletion analysis o f the cloned genes
Restriction maps of the isolated D N A fragments were constructed (Fig. 1A) . Plasmids pXP001, pXP002, pXP003, and pXP004 contained an identical 1.5-kb SalI-SalI fragment, but the chromosomal DNA fragments in pXP001 and pXP002 were inserted in the opposite direction to those in pXP003 and pXP004 (Fig.  1A) . The differences in the strengths of complementation between pXP003 or pXP004 and pXP001 or pXP002 for Ala-seem to be due to the directions of the inserts of chromosomal fragments towards the lacZ' gene on pUC18. Since pXP003 had the shortest insert of the 3.5-kb Sau3AI-Sau3AI fragment than others, this plasmid was characterized in detail. To define the location of the gene on the 4-kb fragment that complemented the hemL mutation, the fragment was digested with restriction endonucleases and/or Bal31 nuclease. The fragments were subcloned into an appropriate site of the pUC18 vector. In the case of the fragments truncated with Bal31, the fragments were ligated at the blunt end to the HincII site of pUC18. The resultant plasmids 505 were tested for their ability to complement the hem mutations. Figure 1B shows that the gene complementing hemL was on the pXC320 plasmid, which has an insert of less than 1.7 kb. None of the plasmids complemented the mutant strain I14 (hemM14) (data not shown).
Nucleotide sequence of the gene that complemented hemL
The 1.7-kb HincII/Bal31-KpnI fragment on pXC320 was digested with various restriction endonucleases and the resultant fragments were subcloned into phages M13mpl8 and M13mp19. Seventeen overlapping fragments, which covered both strands of the entire fragment that complemented the hemL mutation, were sequenced. The complete nucleotide sequence of the sense strand and the deduced amino acid sequence are shown in Fig. 2 EMVRFVNSGTEACMGALRLVRAFTGREK[LKFEGCYHGHADSFLVKAGSG * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * TPDVTTL~-~TG-G~LPVGAYGGRKD~MEMVAPAGPMYQAGTLSGNPLAMT * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * One open reading flame (ORF), located between nucleotides 289 and 1575, was found. The ORF consists of 1287 bp with a putative ATG initiation codon that is preceded by a nucleotide with similarity to the -3 5 (TTccaA) and -1 0 (gATcAT) consensus sequences of E. coli and a potential ribosome-binding site (AGGA).
The gene product was deduced to be a polypeptide of 45 kDa, consisting of 429 amino acid residues.
Comparison of the HemL protein to those of other organisms
The nucleotide sequences of the hemL genes encoding GSA aminomutases from other organisms, including barley (Grimm 1990) , Salmonella typhimurium (Elliott et al. 1990 ), E. coli and Synechococcus (Grimm et al. 1991) , have been reported. Therefore, we compared the predicted amino acid sequence of the ORF of X. campestris pv. phaseoli with those of HemLs of other organisms, namely, barley, Syneehococcus, Salmonella typhimurium, and E. coli. The amino acid sequence of the ORF from X. campestris pv. phaseoli is homologous over its entire length to the other proteins with a total identity greater than 55% in all cases, as follows: barley, 55.2%; Synechococcus, 57.7%; Salmonella typhimurium, 62.4%; and E. coli, 62.5%. From the complementation of the hemL mutation and the similarity to other amino acid sequences, we conclude that the cloned gene from X. campestris pv. phaseoli is hemL and encodes GSA aminotransferase. The hydrophobicity plot of the HemL protein from X. campestris pv. phaseoli was also remarkably similar to the profiles of other HemLs (data not shown).
Aminomutases require pyridoxal 5'-phosphate as a cofactor, and the pyridoxal 5'-phosphate bind to a lysine residue (Ford et al. 1980) . Grimm et al. (1991) suggested that the active-site lysine is invariably preceded by a leucine and a glycine residue. We found that in the GSA aminomutase of X. campestris pv. phaseoli six amino acid residues around the putative active site lysine residue (Lys 267) were conserved and that the Phe 265 was substituted for leucine. Analysis of the secondary structure of the predicted HemL protein of X. campestris pv. phaseoli, using the Chou-Fasman equation (Chou and Fasman 1978) , showed that the predicted pyridoxal 5'-phosphate-binding region could form a part of the/3-strand, as predicted for HemL proteins from other sources. Thus, the substitution of Phe 265 for leucine seems not to affect the active structure of the HemL protein. Thus, a phytopathogenic bacterium, X. campestris pv. phaseoli, has GSA aminomutase that is involved in the C5 pathway for synthesis of ALA.
